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A re&tion mecbuisn cqu€d b&LgDunil nodel L& b€d {ormul.d wLich ig
int€ld.d to d6.nb. the photoch€ntutry iD th. "u!pou!tcd" uo!@!bd. i... h tbe
r€lrtiv.ly cleu rtnosphele mt €xpos€d to t!. diect pertEbftion f.on locdl edittins
souc.., The mechrdsm consists of 48 ch.mical r.adion., ildrding 12 plotocLemical
st€pd, atrd 12 emiuion ond depcirion proc€ss€.. Seleclion of th. r€actioE includcd in th€
sct€m. has b€en baed o! coaperiiiv. Lin€tic .o$ideraiior u.il8 r€cent tin€tic .nd
Dhotocb€Dicd pcre.tcE. Th. mod€l ha. b€€tr applied to th. conlulation of di|md
iorccntntior frofite of th. !!&e pollutarts of ti; t.opeph€.e. 

-

Introduction

A great deal of efforts has been dtuected toward the elucidation of the
nechalism ofphotochemical emog formation and modelling the photochemistlw
ofhigl y polluted atnosph€re [r-a].

On the otLer hand, relativoly little attetrtion Las be€D paid to the photo-
chemistry of the unpolluted troposphere.

Lewy's hypoth€sis on the role oI free radicals in the troposplerc [5, 6] aDd
Crutzen's discovery of the folbation and photochemical destiuction of ozone
in the unpolluted lower atmo3phere [?, 8] i tiated studios ofthe tropospheric
photochemishy wLicl resulted id the lormulstion of photochemical modcls
for the global tropoephere [9, r0] and for the marine atnosphere [rr, 12],

The reaeon for the moderate attentiotr rcceived in tLe past by the photo.
chemietry of unpolluted lower atnoephere was at least in part the scarcity of
in{ormation on eniseior and concertration data of minor tropospheric constit-
nents as rvell as the paucity of accurate Liuetic data for photocLemical and
th€rmal elemertary chemical reactions. Ilowever, a number of concenEation
mcasurem€trts were made in the lower stmosphere recertly and sone global
emission data both from natural and fron anthopogenic sources became
availsble.

.To whon cofeepond.lcc .hould b. .d&..e4.

arqtu-nt xiq].. aeqd
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Furthermore, excelert critical conpilatiou6 of photochcmical .nd kineric
param€ters were published lately [l3, I4]. Thua, the conditioDs appeartobe
favourable at preaent for the updating of former .eaction meclanisms of the
unpoltuted rroposphero.

In tlis study, we deal with tLe elaboration and Linetic analyeis ofa phoro-
chemical mechanism which is irterded to desc be the chemisry of the..un"
polluted topoaphere" or more cotectly the reaclions tlat occur in a clean
loryer atmosph€r€ not exposed io the direct perturbatior from locsl emitting
sources. We shan call this schcDce, vhich incorpolates eBission, wet snd dry
deposition processes, the background model of tle troposphere. The fi.sr part
ofthe present study deals with th€ formulation ofthe model, while the second
palt reports on a detailed kinetic aDslysis and reduction ofthe proposed nodel
bv means of sensitivitv analvsis.

Reaction conditiona rnd rare plllmctcl!

Thc lesults of calculations derived from a .caction model deDend on thc
rotr .corrar ions of  the rcact i \ "  species ard on rh"  ta lu.s  of theLi ;er icparaD-
erers. Thus, as a first 6tep in ostablishing our backg.ound model, we need to
specify the conditions under rhich the nodcl is to be spplied and to indicato
tle soulco6 ofrate paraneters that will be used. Regardtug the rang€ ofapplica-
bility, tle model should be suitable first of all for the dcssipriod ofthe photo-
chemietry ofthe unpolluted lower tropoephere and especialty for reproduction
ofthe diumal variation ofthe concentratiors ofreactive species around ground
level.

Concenttatiors of troposphetic consrituen s

Ve select conccntratioft for troposphclic con€tituenrs that can be takcn
astypical oncsfor thc clean air at northem mid-latitudes of45 oN abov€ sroun,t
level on an average sumrner dav around noon (zenit angle: t 27o). Suctr day-
time coDcentrations, given in Table I, were compilcd by con6idering th. fol-
lo{ing sources: (i) Critical evaluation of resDlts of concentration meaeurements
made !y Logan et al. [r0l in the unpouuted atmarpherei (ii) Typical conpo$i.
rion of very clean fiopospheric air as assumed by Calvert and Srorikaell [4]i
t i i i )  nes" l ts  of t fopospher ic  modd caleular ions ar  n id. lar i rudesbyLogar er  at . :
( i v ) M i \ i t r g r a r i o s f o . s u l f u r . o b p o u n d s r e n o r t . d t l T i w a r i a u d 4 u g u ; ' s " o n I t 3 ] .

Nocturnal conccntations are also givcn in Tal,le I. They are iDtended r,,
be typical for an average €ummcr day at nighi and werc compilcd t'y coDsider-
ing the following sourcee: (i) Sinplc enpirical cstinarions; (;i) Results of tro-
pospheric nodel calculetions at mid-latitudes []01. . 1
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T.bl. r
Trpial @np^naioD lu topdphe4 .o^'tautu, a! Mdt tn nnlhtuuth, 6an ,wfua .otutitioB

(un i r r  d€ :  bo t .cu l .  cm. r .  2 . ;  E l9  d fs isDsr4  2 .5 .  t0$ ,  . rc . )  
"

N , + o '
o.
E:O
co
clrr
HCHO
Hp,
cE"o.rl
o , -  "
NO
No.

NO,

2.5 El9
5.1 El8
3.8 Et?
4.0 E12
4,2 Et3

4 8 9
I Elo
s E 9
3 El l
8 E 8
4 8 8
2 } ] 2
t E 4

2,5 F,tg
5.1 E18
3.8 Et?
4.0 El2
! .2 Er3

3 E 9
s E 9
s E 9
2 El l
5 E 4
t E 9
I E ?
r E 8

lloNo
uoxo.
Ito.No'.

OH
EO,
cE,o.
c E , '
CH,o
So'
ESO.

r E 6
? E 8

3 E 6
8 E 8
r E ?
5 8 2
3 E.-3 <
l E 6
3 E 8
8 E ?
I  E , l
5 E l
5 E 9
5 D 8

E - 5
E2
E6

I E ?

5 E  3
5 E 9
t E 8

Calculation of diumal variarions of consrituent conccnuationg with our
background model yielded of cour6s som€whar diffe.cnt concentratioDs, hov-
cv€r, the difference was not as significant as to change any of our conclusions
affecting rhe selection of the reactioD mechanism.

Kinetic putometers for thetnal nnd photocheni.at rcactiots

Kinetic parameters, for thermal reactioN },ere taken from recent c tical
compilations [r4, r3]. The sources of individual kinetic parametcn wi be in-
dicated in our backsround modcl.

The J, -, pararoeter (s-1) for photochcnical stcp t fn, -t vas calcular-
ed fron Eq (1):

where @r-, is thc quaDtum ynld ofthe photochemicat p.ocess 6tudied, d, is the
l igbr  abbort t ion r ro6s sccr inD ( .d l , r ,  .pp. ie . ;  ao, j  I " . , .  ( ,1 .  X.  z)  designaree th.
actidc ligLt itrteDsity (photons cn-ls r) vhich depeDds otr the $avelength
I as rscll as on the solar zenith angle I and attitude z. The actinic liqht inten-
b i ry  r .as obr . iD.d as dc: . r ibcd l ' )  Le igbton [10] :

r*r. Q, 't, 2) : r o\1) exp L_d^(,l. z) se. ./l x

J,-iQ, ,) - taLjQ)op,) Ia& (),, x, ')

x {8; cos 1 + (r 8; co3 r) exp [-(d_ (,1, 4 + op(t". ")l *. t]l

(r)

(2)

wherc da, d", and ao designate tLe atteDuation coefficients tor abeorption.
molecular  .cat ter ;ng and nar t icu lar .  , t i f fu , ioD- r .spF.r ive ly .  g;  ;s  a correaior
term taken as g; .. l, and Io is the sotsr flux outside the aimo6Dher€,
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Calculating the J parameters according to Eq. (I), the Io epectrum was

taLer from Venazza et al. [1?1. The @ and d valu€s w€re obtained from the

tabl€s of Baulch et el. [r3] or in a few cases from oth€r sources [3' la' 18]. Iu

this rray rye obtair J: 6.9x10-3 s-t for the khetic parameter of reaction

(3)

at x : 2?o. This is in excellent a$€eEeDt wiiL the clear sky values 8.0 x 10-3-

B.?Xlo-3s I determined expe nentalty for tLis reactior udder similar

( r :  30o)  anbieot  coDdi t ions I9-221.  Th€ d i f feret rce bcrween our  calculated

and the expe nental waltes appears indeerl small il one considere that we used

a very simple approacL which does rrot taLe into account multiple scattering

and assumes zero albedo.

Paraneters fot enission and deposition ptocesses

Emission and deposition proceeses are beatedhthe same wayas chemical

reactioN. Thus, deposition is regard€d as a first order procesa. The rate paran'

eter d is giver in s - I unit and tle rate of d€Pocition is €xPressed in nolec.

cm-3 s t ulit Ghce \de use nolec. cm-'for concentration). On the othe! hatrd'

enission ie regarded as a zeroth ord€r Process. The tate PanE€ter e i6 given in

molec. cm - a s - I urit€ and expresses the mte of hPut of a Pollutant from emis'

sion sou.ces into the troposphere at a rlefinite altitud€. These e Parameteft are

dedved from litarsture emieeion data ueually giver in g km-'�year-l. In the

de wation we do rot tak€ iDto accouDt explicidy rliffueion and conwection ofthe

€Eitted primary polhtants. Since the time scale of ve ical mixing ir the tioPo-

ephere ie short conparedto the kinetic lifetime ofthese sPecies' we Proceed as if

at aI sltitudes ofthe l0 Lm higL troposphere direct input of Primarv Pouutants
fron emission would occur. Accordingly, it ie assumed that inPut rates used in

our nodel vary with altitude in the same vay as the nurnber density of air

chaages vith heigLt.

OD a tiEe-scale ofyeers, the comPosition ofthe troposphere can be looked

uDoD as constant. Thi! stability ofthe composilior allows us to supplement or

conect our insufficient Lnowledge on emiesior and deposirion data. Namely' for

given t)"ical constituetrt concentrations, the €mission anddcpositionparam'

etere are intenelated in a way that assure6 the balances in the N-atom, C'

atom, ud S-atom budgete. Utilizing this inter-connection we have slightly

modified sone ofthe emission Parameters which were chosen originallv on rhe

basis olliteratue data Gee bdov).

The source considercd for methan€ €Eission vas the CODATA compila-

tion by Bauloh et al. [13] yielding the parameter (for uee at 0 km altiiude)

o(CH{) : 1.5 x r0! molec. cn-3 s-r.

N O , + t r r * N O + O



FiTm the same literatue source we derived 6.5 X lot molec. cm-r s-l for the
psrameter of carbou monoxide eniedon. However, ttre balance of tLe CO
budget requned a 40% reduction of the original walue, thus fbally *e accepted

e(CO) :  4.r  x 105 molec. cn-3 s-1.

TLis conospoDds loughty to the lower limit of tLe emission data siyen in the
CODATA compilation.

Three recent walues for NO* background emission csr b€ found in the
literatur€ [13,23, 24] vhich were aU published ir the laet yeare. They agree
very well and suggest 6.3 x 103 molec. cm-, s-r for the late of NO" emissior,
Dividing this in th6 ratio o{ore to otre betve€r NO and NO, we obrain

€(NO) : 3.2 x 103 mole

€(NOJ :  3.2x 103 nol

Emieaion data for SO, are rsther uncertain: Most ofthe SO, €missior is of
lDlhropogedc origin, theglobal distribution of emiesion rourcee ie inhomoge-
reous atrd their sfrengrh is vsrybg sigaificaD I ly in rire. Using the dara reported
by M6eztros [25] for tLe sulfu! inprt ioto the atmosph€re over Europe, we
adve at aa €mission paramete. of2.3 X lOt molec. cra-3 s-1. The mainteuanc€
ofthe balance in the sulfur budget .equir€6 a reduction by a factol of4, thus

,(SO,) :  6.0x r0l  molec.cn-3s-1

The depositior Frameters are compiled in Table II anrr a few renarke
rcgarding the origin ofthe psametels are given in the foot-note of rhe Table.
0nly the deposition data ofthe eulfur compounds need fuither considerations.
From the wet and dry depo€itior lates of sulfur corrpounds given fo! Europe by

l.lb Ir

D.@.ithn Notutaa
(Udt &: !_r.2.i E-6 d€sigetB 2.4x l0-.,.rc.)

l5 l

d@nn!

HONO.
HONO.
Hp"
cH,o.ll
o,
so,

1,4 E 6
7 , 1 8  6
1.4 E 6
1.4 8,6
4.0 E-6
6.9 E 6
7.9 E 6

2 . 4 E  6 ( r )  5 , 0 E  6 ( c )
2 . 4 E  6 ( b )  5 . 0 E  6 ( b )
2 . 1  E  6 O )  5 . 0 E  6 k )
2.4 E,6 (b)  s .0 E 6 rbt

(c)  a.0 E-6 (c)
8 . 0 E  ? ( d )  6 . r  E  6 ( d )
? . 3 E  6 ( d )  6 . 0 E  7 ( d )

(b)

(d)

T.L6D frcn Levin ad Schwdrz t261,
Asm.d to b. rh€ mne e rbe parrineie! of HoNo,;
E.timrted
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M6szAroa [25] anrl fron tL€ assuEption that Bulfur deposition consists Eaitrly
of SO, and SO:- deposition, ore obtains th€ psrameters

d*"t  (so')  + d*. t  (so:-)  :  8.1x10 6s- l

dd.y (so,)  + dd,y(so:-)  =.6.7xr0-0s-r.

Individual paranetera caa be derived by utilizirg the obsenation tLat wet

depoaition of eulfur compounds consists of about 90ol" SOI- and r0olo SO"

while there is about 10ol" SOI- and 90ol" SO, contribution to dry depoeition'

H€nce th€ Darameters indicated in Table II v€rc obtained.

The reacrion m€ch!|tisE

The first step in tLe formulation of the 'eaction mechanism wag the selec-

tion ofthe reacting species. For sake ol simPlicity, the class ofhydrocarbons \ras

repEsent€d by a siDgle species' the mo6t abundant Ly&ocalbon in the "un-

pollut€d" troposphere, ie. by methanc. This d€cision imPlied the coneequencc

that pmilucts with more thsn one C-atom (i.e. higher carbonyl conpounds,

dtrites ard nitrates) anrl the cotesponding frec radicals werc not formed ac'

cordiry to th€ reaction mecha sm. All togetber 36 reacting species were taken

itrto account. Among these wer€ thee najor atDro€phe c constiruents (O,, N!,

HrO), twenty-one primary and eecondary pollutant molecules and tvelve froe

Neglecting very unlikely transformstions ofthe assum€d reacting sPcci€s'

still a great numbe! of reactions had to be dealt with. ThiE set of reasonahle

reactions was reduced by competitiwe Linetic con6ideratioff. Thus' the rates

of formation and consumptioD oftLe assumed reactiDg species were calculat'!d

at typical tropospheric concentrations sDd those reactiotrs were n€glected {hich

proved to be aignificart neither at day'time nor at nocturnal condirions'

(Systematic calculations were cauied out only at sulface coDditioru givcn in

Table I, howev€., tbe importance of sclected reactions rv.re estimated also at

10 kn latitude.)
The u6e of the competitive kiDetic method in ihe formulution of thc

backcround mcchaniem ;! demon6trated for tLe case of nitic acid and tripl"t

olygen atom reactionE ir Table III and IV, reepcctively. In the fir€t pari of

Tablc 111, the reacrione considercd as possible HONO, forming processcs a'e

given. Steps a, and a, are seen to bethe najor dey"time aDd noctuln'l Ploc'sses'
r.spectiiely, while reaction as is of no imPortance at the condition€ €tudied

Thu6, we include steps ar and o,in the back8round model and omir reaction r1'

On the other hand, deposition can be scen to be the doninating IIONo,

removal process at day and night around surface l€vel. Ho\rev'r, reactbns l'1
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Trbl. III

tktttion @np2trtion t IIOTO, L'ndtiur u l t"dotal
(R!t$ in mold- ch r s 'rnns.)

lid

a, OII+NO! l M--HONO! lr
o! N:O, -II,O-2IIONOI
d. c[r.o: iNo,-HcHo i lioNo:

6.4 E]  (1000, , )  r .6  E0
, . 3 E  1 ( o ' , , )  l . t E 4
l-,lE 0 (0o;) <Itr 0

(0010)
(r00%)
(0%)

IIONO,+r,-OH i No!
OH I.IIONO,* H1O i NO"

3.6 E2
t,0 E2
5.9 E3

( i , " )
(2".t
(9s9'o)

0 (0%)
9.r E 3(00d)
s.2 E3 (r00%)

T.Ll. IV

Reuti.t @bp.titbt in tttpkt o'lger dto ldnatia^

(Rabd i! nolec. cm-3 s-r u!it!.)

NO: r,r,--NO+O

NOs r l,,r NO+O
(i' l\t-o l M
orI  I  oH-.H:o+o

2.8
6,3
t,7
2.2
1.9

6r Oi Orl  l r l -O3+M
b: o, rol  i I*No,+M
6r O itio,*No+o,
6. O i)iO,+M-NO?+M
Dr O+SOt+M-sO,+M

3.8
1.4
1.5
I

<8.5

rnd d, are of some impo{erce at day-time (aa ahown ia Table III) and they
become the maiu HONO! remoying proc€ss€s at high altitud€s wherc Iry light
htensity is much gester. Thus, all thee reectiols will be iacluded in the

ResctioN of triplet oxyg€r atoms are pr€seDted in Table IV. (Due to the
very tow Oando'concentations rnd tL€ in6igDificant rates ofphotochemical
rcactions ai dght, competitiwe Linetic atudiea were meuiryless et nocturnal

Among the O-atom formiDg reactions, the contrib[tion of eteps at, a, and
c. is undoubtedly signi{icant and tlat of r€action c5 ie negligible. Reacrion o"
i, not in fact important from the pobt of viev of Ofornstion, however it i6 a
najor steep in NO' rcrnoval. Thus, we include 41, az, oN and o{ in the teaction
achene. RegardingO"aton removal, the ozon formation rcaction is the only one
which needs to be ta!.rn into accoutrt.

E? (r00%)
a) (0%)
E0 (0%)
Eo (o%)
E-2(0%)
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A6 a .esult of ou kinetic coftiderations rhe number of reacting speci€s
reactionE could be decreased considerablv. Ve omitted speciee like
NO, CHTONO!, CH3OTNO, and CH,OO. Futh€rmore, tLe very reactive
s H, CHO, EOSO" and SOs, which disappear in fast processes, were rot

t vith explicitly; th€y were eliminated by amalgamating th€ formation
removal reactions. Fhally, the producta H} CQ and CH3OI{ were teated

inert lpecies with no siglificart removal reactio$. Thus, apart flom th€

ior atnosphedc constitrents Or, \ and H,O, ve have all together 22 re-
species. Their reactions - including emission and deposition processes -

tle 60 step back$ound mechanisn pre€ented in Table Y. The rate expre6-
tLei! Eources and the late co€fficients for z : 27o, aurface conditione and

K (last column) are also giveu in the Table.

Diurnal variatior of aopoaphcric conitituelt corccntlations

The reactior model pesented in Table V hae been used to calculate the
concertatior profiles for troporpLeric trace pollutants. Calculatiors

carri€d out for average climatological corditions inrended to simulate a
summer dry at nid-latitudcs of 45 oN (298 K t€mporator€) st 0 Lm

TLe oystem of khetic differertial equations $ss solved ushg a fourth
RuDg€-Kutta irtegratior routine of cottwald and Wamd [28]. The
trarioDs of the sp€cies chancterized by very short kinetic lifetimee

O, O', OH, CH, and CE'O) werc obtained fron st€ady state exprosdions.
The initial concentrations chosen were the day.time data given in Table I.

J parameters of the pLotocLemical processes wele alowed ro cherye ir a
simulatinq the dirlal vadation of tusolation. Calculations wele conti-

for a sinulated 12 da)s pedod. Tbe profilee calculated ir euccession were
d and it was fourd that the results obtaia€d rfter about the fiftb si-
day vere in good agreenert with each other. The totsl chsnges itr the

ions were rot large; the linal resulrs readftom the calcrdaterl profnes
roon and at Light ag"eed in aU cases witlir a factor of3 vith the initial con-

oft giwen in Table I. The ve.y good agrecment between cslculated
and literatEe d.ta (tLat include corcenEatioo m€asuremerts made

thc troposphere) shovs our model to be intenauy consistent and supports
ieaction mecLalism anrl the Linetic paraneters used in our backeround

TLe computed diunat variation! of the t..ce constituents of the tlopo.
lte presenred iD Figs l-3.

TLe computed concentration pattems for nilogen cortaining species are
in Fig. l. As expected, IIONO, and NO, ere tle most abuudart species
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the concertlation of NO becomes conoarable to these du rs th€ sudit
of the day. TLere ia a rignificant incease obaervable in NO corcert.atioa
iately after sunriee and the oppoeite occus at suset. Thi6 may be ex-

by ta l jng io to acrouot  lhat  NOu photo lys is  is  the predomiDsnr ioure

NO formation and consequendy audden changes ilr NO fouation occur at
settine ir aDd at the terminatior ofinsolatro!.

The opposit€ behaviour ia obaewerl for NO" anil lor \Oo of which NO'
the main D.ecursor: These corceutrations decrease at eurise aad increase at

The sudden changea are catsed by the commencemert and termiDation
NO, photolysis.

The most importsnt species itr troposheric photocheEistry - the iLiyitrg
brce of the photooxidation process - is the OH radical. Its corceDtrstioD is
*eu to change four orders of nagaitude during the day; most of it is occurring
.gair at sunris€ ard suDaet. The OH conceahatior sttaiG a msximum at roou.
ILe oomputed naximum walue is I.5x106 molec.cm-3, wlich compares fa-
rurably with the r€sults of ambient measuemente, From observatiors made
|t JiilicL, West Gernany (51 'N) on sumy daya in summer 1979 betweetr
U.00 and 15.00 hours aa average value of (1.? { 3)x 104 OII molec. cn-3 waa
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de ved. Under siDrilar coadition! in 1980 sinilar resulrs were obtaircd, witl
most values between I to 2 x r0. OH nol€c. crir*r [29].

I po$ant oxidizirg conBtitu€nts ofthe troposphere are the species HO!,
CH'O" and O" whose computed diumal concentration pattems ar€ preoerted
ir Fig.2. Comparedwith OH,the HO, and CH3O, species decay slower, whilo O!
concentration undergoes only moderate changes during the diurnal period.
The dilferent concentratioD patterns result from the different fate of thc
reacting species: OHreacts predominaudy with CO and CHr, {hile the oxidsuts
are consumed in reactioDs {ith each other and esp€cially in reactions with NO.

The diurnal corcentratior pro{ilc ofsone traNient species are sho*'n ir
Fig, 3. TLese four free radicals together l{ith OII represent a class of apeciee
which are chaacterized by very shot kineric lifetirnes. Their troposph€ric
lifetinee are vell below 1 s and the vadation of theconcenbatiorsfollowsclose.
ly the chuges in the anbient conditions, panicululy clanges ir itrsolatioD, rs
it appears from the resultg Fesented ir the figure.

Results of diunal corc€ntration profile conputations show that tLe
backg.ound model dewelop€d ir this paper give€ a reliable accourt oftle in.
portant arpects ofthe photochenisEy of rhe troposphere.

It is expected from the derailed kinetic adalysis ofthemechaDism-which
will be reported on in Part II - to leveal the r€actions that play imponant
role ir the photooxirlation process€s and to aelect tlos€ reactions wLicL alc
of little significance in tmpoopl€ric phorocl€mistry.

Tbis sorL w.d slDDort.d bv tL. EDvnotrbot.l Prot..rion lo{ntrr. trd.r ddt
tlr- L-ILA. or/8r. - r.r:2. TL. irhoE .E itrd.br.d to r,,of6 F. Mdnr .!d E. Ma;aF.
Jd vdr.bl. dnd..ior!.
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